The repair of chromosomal double strand breaks (DSBs) is crucial for the maintenance of genomic integrity. However, the repair of DSBs can also destabilize the genome by causing mutations and chromosomal rearrangements, the driving forces for carcinogenesis and hereditary diseases. Break-induced replication (BIR) is one of the DSB repair pathways that is highly prone to genetic instability 1-3 . BIR proceeds by invasion of one broken end into a homologous DNA sequence followed by replication that can copy hundreds of kilobases of DNA from a donor molecule all the way through its telomere 4,5 . The resulting repaired chromosome comes at a great cost to the cell, as BIR promotes mutagenesis, loss of heterozygosity, translocations, and copy number variations, all hallmarks of carcinogenesis 4-9 . BIR uses most known replication proteins to copy large portions of DNA, similar to S-phase replication 10,11 . It has therefore been suggested that BIR proceeds by semiconservative replication; however, the model of a bona fide, stable replication fork contradicts the known instabilities associated with BIR such as a 1,000-fold increase in mutation rate compared to normal replication 9 . Here we demonstrate that in budding yeast the mechanism of replication during BIR is significantly different from S-phase replication, as it proceeds via an unusual bubble-like replication fork that results in conservative inheritance of the new genetic material. We provide evidence that this atypical mode of DNA replication, dependent on Pif1 helicase, is responsible for the marked increase in BIR-associated mutations. We propose that the BIR mode of synthesis presents a powerful mechanism that can initiate bursts of genetic instability in eukaryotes, including humans.
The repair of chromosomal double strand breaks (DSBs) is crucial for the maintenance of genomic integrity. However, the repair of DSBs can also destabilize the genome by causing mutations and chromosomal rearrangements, the driving forces for carcinogenesis and hereditary diseases. Break-induced replication (BIR) is one of the DSB repair pathways that is highly prone to genetic instability [1] [2] [3] . BIR proceeds by invasion of one broken end into a homologous DNA sequence followed by replication that can copy hundreds of kilobases of DNA from a donor molecule all the way through its telomere 4, 5 . The resulting repaired chromosome comes at a great cost to the cell, as BIR promotes mutagenesis, loss of heterozygosity, translocations, and copy number variations, all hallmarks of carcinogenesis [4] [5] [6] [7] [8] [9] . BIR uses most known replication proteins to copy large portions of DNA, similar to S-phase replication 10, 11 . It has therefore been suggested that BIR proceeds by semiconservative replication; however, the model of a bona fide, stable replication fork contradicts the known instabilities associated with BIR such as a 1,000-fold increase in mutation rate compared to normal replication 9 . Here we demonstrate that in budding yeast the mechanism of replication during BIR is significantly different from S-phase replication, as it proceeds via an unusual bubble-like replication fork that results in conservative inheritance of the new genetic material. We provide evidence that this atypical mode of DNA replication, dependent on Pif1 helicase, is responsible for the marked increase in BIR-associated mutations. We propose that the BIR mode of synthesis presents a powerful mechanism that can initiate bursts of genetic instability in eukaryotes, including humans.
In theory, BIR may constitute a unidirectional, bona fide replication fork producing two semiconservatively replicated molecules 4, 11 (Fig. 1A, a) . Alternatively, a D-loop (displacement loop) formed by invasion of the broken chromosome may persist throughout BIR, migrating down the length of the chromosome, creating an unusual condition of conservative inheritance of newly synthesized DNA 1, 12, 13 (Fig. 1A, b-d) .
To distinguish between these models, we used a disomic yeast system ( Fig. 1B, a) containing a second, truncated copy of chromosome III, cleaved by HO endonuclease under control of a galactose-inducible promoter 2 . The HO-induced DSB possesses only one efficiently repairable end that invades the second copy of chromosome III, and initiates BIR that copies over 100 kilobases (kb) of the distal part of the chromosome. Using this system, we recently demonstrated that BIR stimulates mutagenesis along the path of DNA synthesis at a series of lys2 frameshift reporters 9 . Here we examined these Lys 1 mutations to determine whether errors during BIR were acquired semiconservatively (inherited by either the donor or recipient molecule; Fig. 1B , b) or conservatively (inherited only by the recipient molecule; Fig. 1B, c) . Pulse-field gel electrophoresis (PFGE) was used to separate donor and recipient molecules from Lys 1 BIR outcomes resulting from mutations in a lys2 reporter located 16 or 36 kb distal to the site of BIR initiation ( Fig. 2a, b ). Sequencing of the polymerase chain reaction (PCR) products derived from the separated chromosomes revealed that the great majority of heterozygous frameshift mutations (58 of 58 and 68 of 77 from strains with reporters at 16 and 36 kb, respectively) were inherited by the recipient molecule, whereas the donor sequence remained unchanged (see also Supplementary Discussion). Overall, the mutation pattern supports a conservative replication mechanism for BIR. However, because this conclusion was based on analysis of selected mutation events, we developed a non-selective test to analyse BIR microscopically by DNA combing.
The experiments were conducted in nocodazole-arrested cells of disomic BIR strain bearing a cassette facilitating BrdU incorporation in yeast 14 (Fig. 3a, b ). BrdU was added 3.5 h after DSB induction. After completion of BIR, PFGE-separated donor and recipient molecules ( Fig. 3c and Extended Data Fig. 1 ) were analysed by molecular combing and fluorescent in situ hybridization (FISH). We used an anti-BrdU antibody, the P1 probe specific to the tandem repeat of TEF1/ BSD inserted 14 kb centromere-proximal to MAT in the donor chromosome, the P2 probe specific to the 20-kb region of chromosome III where invasion occurs, and the P3 probe specific to the 15-kb region near the telomere (Fig. 3a ) to characterize BIR. We observed BrdU tracts approximately 100 kb in length in 70 of the 98 repaired recipient molecules analysed (Fig. 3d , e and Extended Data Fig. 2a ). These tracts include the entire chromosome region marked by P2 and P3 and, therefore, represent BIR that copied the donor chromosome through to its telomere. Additionally, 14% of recipient molecules contained long (.30 kb) BrdU tracts that overlapped with P2 but not with P3 ( Fig. 3d and Extended Data Fig. 3a ). These molecules probably represent repair events where BIR was interrupted, resulting in half-crossover formation 2,15 (see also Supplementary Discussion).
Our analysis of donor molecules supports a conservative mode of DNA replication during BIR, as only 4 out of 103 donor molecules were illuminated by .30 kb BrdU tracts ( Fig. 3d , e and Extended Data Fig. 2a ). These data confirm a strong bias (P , 0.0001) towards BrdU tracts present only in the recipient chromosome. The four cases of BrdU incorporation in the donor could result from rare semiconservative synthesis or from BIR initiated .30 kb proximal to the DSB site, which would result in a donor-like size and hybridization pattern due to copying of regions unique to the donor molecule 16 . On the basis of these data, we estimate that, even if semiconservative synthesis occurs, it can account for no more than 8% of the BIR events that we analysed (see Supplementary Discussion and Extended Data Fig. 4 for the results of another series of experiments supporting this conclusion).
The unusual mode of replication prompted us to characterize the structure of BIR molecular intermediates at LYS2 inserted ,16 kb from the point of strand invasion. Genomic DNA extracted from nocodazole-arrested cells undergoing BIR was digested with PstI and analysed by two-dimensional (2D) gel electrophoresis using a LYS2specific probe (Fig. 4a , top panel). We detected bubble-like structures between 3 and 7 h after DSB induction ( Fig. 4b-d ), but not at 13 h, consistent with the timing of BIR progression 9 (Extended Data Fig. 5 ). All bubble-like intermediates were markedly different from the Y structures indicative of S-phase replication forks observed before addition of nocodazole and induction of the break (Fig. 4c , 0 h). Furthermore, no bubble-like structures were observed in control strains in which HO endonuclease cannot initiate a DSB ( Fig. 4d , no-cut), thus linking these structures to BIR exclusively. The bubble-like structures observed in BIR were reminiscent of bubbles routinely detected at replication origins 17 , with one important difference: the BIR bubbles included a long, high-molecular-mass tail that extended well beyond the size expected for complete replication (arrows in Fig. 4c, d ). We proposed that initiation of BIR lagging-strand synthesis is often delayed compared to leading strand, resulting in accumulation of single-stranded DNA (ssDNA) behind the BIR bubble, which makes the region around LYS2 refractory to PstI digestion. Indeed, pre-incubation of genomic DNA with oligonucleotides (PstO3 and PstO4; Fig. 4a , middle and bottom panels) complimentary to the Watson strand of two PstI sites flanking the LYS2 gene eliminated the tail and resulted in a second arc that probably corresponds to molecular intermediates with bubbles consisting of one double-stranded branch (leading-strand synthesis) and one single-stranded branch (lagging-strand synthesis) ( Fig. 4a , b, d and Extended Data Fig. 6 ). Similar results were also obtained using BglII digestion (Extended Data Fig. 7 ). Notably, whereas simultaneous addition of oligonucleotides BglO3 and BglO4, complimentary to the Watson strand of two BglII sites, eliminated the ssDNA tail, the addition of each of these oligonucleotides individually failed to eliminate the tail. This confirms that two types of DNA intermediates contribute to the observed ssDNA tail: those containing ssDNA centromere proximal to LYS2 and those with ssDNA distal to LYS2 ( Fig. 4a and Extended Data Fig. 7a , panels ii, iii). Addition of oligonucleotides complimentary to the Crick strand did not have any effect (data not shown). Bubble migration intermediates were also detected with an HPH-specific probe that hybridizes to the end of the donor chromosome ( Fig. 4a, e ). These data strongly support a migrating D-loop type of DNA replication 18, 19 .
We proposed that ssDNA accumulated behind the migrating BIR bubble is the cause of BIR-associated mutagenesis because of the propensity of ssDNA to accumulate unrepaired DNA lesions 20 . This was tested by using methyl methanesulphonate (MMS), a DNA damaging agent that predominantly creates mutagenic lesions in cytosines of ssDNA 21, 22 . In addition, a ura3-29 reporter 23 , which can revert to Ura 1 via three different base substitutions at one CNG pair ( Fig. 2c ), was inserted in the donor chromosome in two different orientations (Ori1 and Ori2). We expected that MMS will specifically elevate the level of BIR-associated mutagenesis in Ori2, where cytosine is located in the mutant position of the leading (ssDNA) strand, but not in Ori1, which contains guanine instead ( Fig. 2d) . Indeed, we observed that even though BIR markedly stimulated base substitutions in ura3-29 irrespective of its orientations, the effect of MMS was orientation RESEARCH LETTER dependent ( Fig. 2e and Extended Data Table 1 ). Specifically, MMS highly amplified BIR-induced mutagenesis in cells containing ura3-29 in Ori2, whereas its effect on BIR mutagenesis in Ori1was relatively modest. This observation supports the conjecture that ssDNA accumulated behind the BIR bubble is the cause of BIR-associated mutagenesis.
Additionally, the spectrum of BIR-induced mutations was also orientation dependent, supporting our conclusion (Extended Data Fig. 2b ).
Because the Pif1 helicase is a key component of the BIR machinery 24 (see also accompanying paper 25 ), we proposed that Pif1 is essential for long-range BIR. We observed that even though BIR-sized products 
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were formed in pif1D mutant (Extended Data Fig. 1a, b ), no extended BrdU tracts were observed in either the donor or recipient chromosomes ( Fig. 3d, e ). In addition, approximately 22% of recipient molecules contained short (,20 kb) BrdU patches that co-localized with probe P2 (Fig. 3d, e and Extended Data Fig. 2a ) and probably represented DNA synthesis that was prematurely terminated. Therefore, it is likely that most outcomes in pif1D mutants formed during the time frame of these experiments were half-crossovers (Extended Data Fig.  1c ), supporting our hypothesis that Pif1 is required for BIR-associated DNA synthesis. The low amount of BIR precluded 2D analysis of BIR intermediates in pif1D. We investigated whether Pif1 may be necessary for BIR-induced frameshift mutations. Notably, we observed that all BIR-induced frameshift mutations were eliminated in the pif1D mutant at the 36-kb position, and there was a 20-fold reduction in frameshift mutations at the 16-kb position ( Fig. 2b and Extended Data Table 2 ). Thus, whereas BIR may initiate in the absence of Pif1, these data support that Pif1 is required for long-range synthesis during BIR. Therefore, Pif1 can be added to the list of other previously identified proteins, including Pold, Polf, Msh2, Mlh1, Dun1 and others that are involved in BIR and associated mutagenesis 2, 9, 10, 15 .
Overall, the results of this study demonstrate that BIR is carried out by a migrating replication bubble driven by Pif1 with asynchronous synthesis of leading and lagging strands resulting in a mutation-prone accumulation of ssDNA, and leads to conservative inheritance of the new genetic material. The bubble migration mechanism and associated mutagenesis may be relevant to cellular processes where BIR has been implicated, such as alternative telomere lengthening and mitochondrial DNA maintenance 10, [26] [27] [28] [29] [30] , where Pif1 has an important role. An intriguing possibility is that the burst of mutations recently linked to replication stress/fork collapse in pre-cancerous cells 31 may be linked to conservative synthesis initiated by BIR.
METHODS SUMMARY
All yeast strains listed in Extended Data Table 3 were isogenic to AM1003 (ref. 2). The BrdU cassette was a gift from O. Aparicio and was inserted into chromosome V 14 . The pTEF1/BSD-snt1 plasmid was integrated at SNT1 of the MATa-inc containing copy of chromosome III. DSBs were initiated by HO induction by addition of galactose 2 . Molecular intermediates and products of BIR were analysed using cells collected from time-course experiments. 2D gel electrophoresis was used to determine the structure of molecular intermediates. BIR outcomes were analysed using dynamic molecular combing and fluorescent in situ hybridization. BIR-induced Lys 1 mutations were analysed by sequencing following separation of chromosomes by PFGE.
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METHODS
Media, strains and plasmids. All yeast strains (Extended Data Table 3 ) were isogenic to AM1003 (ref. 2) , which is a chromosome III disome with the following genotype: hmlD::ADE1/hmlD::ADE3 MATa-LEU2-tel/MATa-inc hmrD::HPH FS2D::NAT/FS2 leu2/leu2-3,112 thr4 ura3-52 ade3::GAL::HO ade1 met13.
AM1291 and AM1482 are derivatives of AM1003 and were created by deleting LYS2 from its native location, and inserting lys2-Ins A 4 (A 4 ) at different positions of chromosome III 9 . AM2191 and AM 2198 were constructed from AM1291 and AM1482 by replacement of PIF1 with KANMX module 32 . Control strains AM1449, AM1649, AM2247 and AM2257, which contained no HO cut site in the recipient chromosome III, were obtained from AM1291, AM1482, AM2191 and AM2198 as previously described 9 . AM2439 and AM2438 were created by integrating three and two copies of TEF1/BSD-snt1 into SNT1 of AM1291 and AM1482, respectively. The TEF1/BSD-snt1 plasmid was constructed by cloning of a PCR-amplified 1-kb region of SNT1 (from 185626 to 186589 positions of chromosome III) into the BamHI/HindIII fragment of TEF1/BSD (Invitrogen). The resulting plasmid was linearized by SnaBI and integrated at SNT1 to introduce a donor-specific region into the MATa-inc containing copy of chromosome III. The selection of transformants with integration of multiple copies of the plasmid was achieved by PFGE followed by Southern hybridization with TEF1/BSD used as a probe. AM2118 was isogenic to AM1247 (ref. 9 ), but contained KANMX module at chromosome II between PTC4 and TPS1.
AM2110 is a derivative of AM1003, and was created by deleting URA3 (using delitto perfetto approach) and replacing hmr::HPH with hmr::KANMX. In addition, it contains lys2-InsA 4 inserted at SED4 (36 kb centromere distal to MATainc). AM2161 and AM2820 were derivatives of AM2110 where ura3-29-HPH fragments (Ori1 and Ori2 respectively) were inserted 16 kb centromere distal to MATa-inc between RSC6 and THR4. The ura3-29-HPH cassettes containing ura3-29 allele 23 in two orientations were a gift from Y. Pavlov. The insertion of ura3-29-HPH 16 kb centromere distal to MATa-inc was achieved by transformation of AM2110 with DNA fragments generated by PCR amplification of ura3-29-HPH using the following primers with targeting tails (uppercase) and ura3-29-HPH amplification sequence (lower case): 59-TCTTTCTGCAATTATTGCACGCCTC CTCGTGAGTAGTGACCGTGCGAACAAAAGAGTCATTACAACGAGGAAA TAGAAGAagtcagtgagcgaggaagc-39 and 59-ATATTTGCTGCTATACTACCAAA TGGAAAAATATAAGATACACAATATAGATAGTATTAAAAAAACGTGTAT ACGTTATTattgtactgagagtgcacc-39. Control strains AM2442, AM2259 and AM2842, which contained no HO cut site in the recipient chromosome III, were obtained from AM2118, AM2161 and AM2820 as previously described 9 .
AM2406 is a derivative of AM1003 that was constructed by inserting BrdU cassette (with the human equilibrative nucleoside transporter (hENT1) and the herpes simplex virus thymidine kinase) 14 into URA3 to facilitate efficient BrdU incorporation in yeast. In particular, the p306-BrdU plasmid 14 was linearized with StuI and inserted by transformation into the URA3 gene (chromosome V). In addition, AM2406 contained insertion of three tandem arrays of the TEF1/BSD-snt1 at SNT1, and replacement of TPS1 with a KANMX module. TPS1 was deleted to reduce accumulation of trehalose, which interfered with DNA purification.
Rich medium (yeast extract-peptone-dextrose (YEPD)) and synthetic complete medium, with bases and amino acids omitted as specified, were made as described 33 . YEP-raffinose, YEP-lactate and YEP-galactose were made as described 9, 24 . Cultures were grown at 30 uC. Analysis of BIR efficiency. DSBs were initiated by HO induction by addition of galactose 2 . BIR efficiency was determined genetically and by physical analysis in time-course experiments using PFGE as previously described 2 . The average efficiency of BIR at each time point was calculated based on results of four independent experiments. 2D analysis of molecular intermediates of BIR. Cells were grown overnight in synthetic leucine drop-out media, transferred to YEP-raffinose, and incubated for ,16 h, until cell density reached ,1 3 10 7 cells ml 21 . An aliquot was taken for analysis of the S-phase replication fork, and galactose was added to a final concentration of ,2% to induce HO endonuclease in the remainder of the culture. In these experiments, the efficiency of BIR was 80 6 15%, as determined by PFGE analysis 2 10 h after DSB (Extended Data Fig. 5c ). DSB induction led to G2/M arrest ,3 h after galactose addition as cells were in the process of completing BIR repair (Extended Data Fig. 5d ). At this point, nocodazole was added to the culture to a final concentration of 0.015 mg ml 21 to maintain the arrest. Cells were collected at different intervals following the break and subjected to psoralen crosslinking that allowed one to constrain branch migration during DNA purification as previously described 34 . Chromosomal DNA was extracted and neutral/neutral 2D analysis was carried out according to ref. 35 . PstI-digested DNA was separated in the first dimension on a 0.4% gel without ethidium bromide in 13 TBE buffer at 1 V cm 21 for 22 h. The second dimension was run at 6 V cm 21 in 13 TBE buffer containing 0.3 mg ml 21 ethidium bromide for 12 h.
Alternatively, to guarantee that the observed intermediates do not result from mechanical stress during genomic DNA preparation, we conducted 2D-gel electrophoresis using chromosomal DNA embedded in agarose plugs. In particular, cells collected at different intervals after induction of BIR were treated with psoralen as described previously 34 . The cells were then re-suspended in 750 ml solution of 1 M sorbitol, 0.5 M EDTA (pH 8) and treated with 0.2 mg ml 21 lyticase for 1 h at 37 uC. The spheroplasts were washed in a solution of 50 mM Tris, 50 mM EDTA and 100 mM NaCl. The spheroplasts were then embedded in 0.8% low melt agarose at a concentration of 1.5 3 10 10 cells ml 21 . The chromosomal DNA embedded in agarose was digested with BglII, and 2D-gel electrophoresis was carried out as described for the 2D analysis of PstI-digested chromosomal DNA.
To identify regions of single-stranded DNA, a PstI or BglII digest was preceded by pre-incubation of genomic DNA with oligonucleotides that were complimentary to the PstI or BglII sites flanking the LYS2 gene and had the following sequences: 59-GGTCGCCCTGCAGCACAAGC-39 (PstO3), 59-GTCCTTTCCAGATCTTG GCAACTTT-39 (BglO3), 59-GCTTGTGCTGCAGGGCGACC-39 (PstO5), 59-A AAGTTGCCAAGATCTGGAAAGGAC-39 (BglO5), where 'O3' and 'O5' indicate oligonucleotides that are complimentary to the Watson and Crick strands at the centromere-proximal site, respectively; and 59-TAGATGGCTGCAGAACCAGT-39 (PstO4), 59-TGGATCTGGTAGATCTGTAAACTTGG-39 (BglO4), 59-ACTGGT TCTGCAGCCATCTA-39 (PstO6), 59-CCAAGTTTACAGATCTACCAGATCCA-39 (BglO6), where 'O4' and 'O6' indicate oligonucleotides that are complimentary to the Watson and Crick strands at the telomere-proximal site, respectively.
Southern hybridization was performed using LYS2 fragment obtained by PCR amplification of a 0.6-kb region of LYS2 (from 471835 to 472443 kb positions of chromosome II) or using HPH-hybridizing fragment obtained by PCR amplification of HPH from the pAG32 plasmid 36 .
Along with analysis of BIR intermediates, cell cycle distribution was analysed by flow cytometry 4 and BIR kinetics were analysed by PFGE. For PFGE, chromosome plugs were prepared 4 with genomic DNA embedded in plugs of 1% low-melting agarose and separated at 6 V cm 21 for 40 h using the CHEF DRII apparatus. PFGE was followed by Southern analysis with an ADE1-specific probe labelled with P 32 . Images were analysed using a Molecular Dynamics PhosphorImager. DNA combing and fluorescent in situ hybridization. Cells were grown overnight in synthetic leucine drop-out media, transferred to YEP-lactate, and incubated for ,20 h, until cell density reached ,1 3 10 7 cells ml 21 . Cells were arrested by nocodazole added to 0.015 mg ml 21 , and DSBs were induced 2.5 h later by addition of galactose to the final concentration of 2%. When experiments were performed according to this protocol, the efficiency of BIR was 54.0 6 9.8%, as determined by PFGE analysis 2 11 h after DSB induction (Extended Data Fig. 1a, b) . BrdU was added to the culture 3.5 h after DSB induction by galactose to the final concentration of 0.4 mg ml 21 after all normal DNA replication was completed but before the beginning of BIR. Aliquots were removed to embed cells into agarose plugs before and 11 h after induction of DSBs with galactose. In experiments involving pif1D strains, the analysis was performed 13 h after DSB induction due to slower kinetics of DSB repair in pif1D (data not shown). The uniform arrest of cells at G2/M was confirmed by the absence of BrdU incorporation in any chromosomes other than chromosome III, which was assayed by PFGE analysis of yeast chromosomes extracted from samples taken before the addition of BrdU and 11 or 13 h after DSB induction and probing with anti-BrdU antibodies.
Genomic DNA preparation and molecular combing were performed as described 37 . Colour hybridization of chromosome III molecules was performed using three fluorescent probes. P1 probe was prepared using the TEF1/BSD plasmid (Invitrogen) and hybridized to the 15-kb region containing three tandem repeats of the TEF1/ BSD-snt1 plasmid inserted into the donor copy of chromosome III at position 186535. P2 probe marked the position close to strand invasion during BIR and was comprised of a set of four 5-kb fragments that corresponded to the following positions on the donor chromosome III: 200205 to 205140, 205117 to 210385, 210361 to 215385, and 215361 to 220337. The P3 probe highlights the region close to the telomeric end of chromosome III and is made up of three 5-kb fragments corresponding to the following positions on the donor chromosome: 274778 to 279801, 279778 to 284814 and 284791 to 289782. The probes were made by PCR amplification of genomic DNA from AM2406. Nucleotide sequences of the primers used to generate fragments for labelling are available upon request. Probes were labelled with biotin-dUTP. Hybridization and fluorescent detection of combed DNA molecules were achieved according to protocols described 37 with a few modifications. Successive layers of fluorophore-conjugated antibodies diluted in 13 PBST (13 PBS 1 0.05% Tween) were used. For the biotin-conjugated probes, the following series was used at a dilution of 1:4,000: (1) Alexa-488-Streptavidin (Molecular Probes; Life Technologies, catalogue no. 32354); (2) biotinylated antistreptavidin (from Vector Lab, catalogue no. BA-0500); (3) Alexa-488-streptavidin; (4) biotinylated anti-streptavidin; and (5) Alexa-488-Streptavidin. To detect BrdU incorporation, the following series were used at the indicated dilutions: (1) 1:20 LETTER RESEARCH dilution of mouse anti-BrdU (BD Biosciences, catalogue no. 347580); (2) 1:50 dilution of Cy3-coupled rat anti-mouse (Jackson ImmunoResearch Lab, catalogue no. 415-165-166); and (3) 1:50 dilution of Cy3-mouse anti-rat (Jackson Immuno-Research Lab, catalogue no. 212-165-168). All images were acquired using the Zeiss LSM 510 Confocal Microscope with 1003 objective. The lengths of the fluorescent stretches were calculated by comparison with the length of P1, P2 and P3 hybridization signals.
The statistical comparison between donor and recipient chromosomes in respect to BrdU incorporation was performed using the Chi-squared test. For each experiment, the frequency of semiconservative BIR (F) was calculated as follows: F 5 A/N 3 f 3 b, where A represents the number of donor molecules with long BrdU tracts; N represents the total number of analysed donor molecules; f represents the efficiency of BIR in the experiment (calculated by physical analysis as a percentage of the truncated chromosome III converted in the BIR product 4 ); and b represents the fraction of recipient molecules containing full and long interrupted BIR tracts. Mutagenesis associated with DSB repair. To determine mutation frequency associated with BIR, yeast strains were grown from individual colonies with agitation in liquid synthetic media lacking leucine for approximately 20 h, diluted 20fold with fresh YEP-Lac, and grown to logarithmic phase for approximately 16 h. Next, 20% galactose was added to the culture to a final concentration of 2%, and cells were incubated with agitation for 7 h. Samples from each culture were plated at appropriate concentrations on adenine drop-out media and on media omitting lysine and adenine before (0 h) and 7 h after the addition of galactose (7 h) to measure the frequency of Lys 1 cells. To measure the frequency of Ura 1 cells, samples were plated at appropriate concentrations on adenine drop-out media and on media omitting uracil and adenine before (0 h) and 7 h after the addition of galactose (7 h). To determine spontaneous mutation frequencies, no-DSB strains were grown similarly to the DSB-containing strains. Because spontaneous mutation frequencies were calculated based on the number of mutations accumulated during many cell generations, the rate of spontaneous mutagenesis in no-DSB control strains was calculated using the following modification of Drake equation: m 5 0.4343 f/log(Nm), where m is the rate of spontaneous mutagenesis, f is mutation frequency, and N is the number of cells in yeast culture. The rate of mutations after galactose treatment (m 7 ) was determined using a simplified version of the Drake equation: m 7 5 (f 7 2 f 0 ), where f 7 and f 0 are the mutation frequencies among Ade 1 cells at times 7 h and 0 h, respectively. This modification was necessary because experimental strains did not divide or underwent #1 division between 0 h and 7 h.
MMS was added at 1.5 mM 30 min after galactose addition. Cells were incubated with agitation for 7 h, treated with 10% sodium thiosulphate to inactivate MMS, diluted and plated. The loss of viability after MMS treatment was barely detectable and never exceeded 40% independently of ura3-29 orientation. The rate of mutations following MMS treatment was determined using a simplified version of the Drake equation: m 7 5 (f 7 2 f 0 ), where f 7 and f 0 are the mutation frequencies among Ade 1 cells at times 7 h (following MMS treatment) and 0 h, respectively. This modification was necessary because experimental strains did not divide or underwent #1 division between 0 h and 7 h in the presence of MMS.
Rates are reported as the median value (Fig. 2b, e and Extended Data Tables 1  and 2) , and the 95% confidence limits for the median are calculated for the strains with a minimum of six individual experiments. For strains with four-five individual experiments, the range of the median was calculated. Statistical comparisons between median mutation rates were performed using the Mann-Whitney U-test 38 . Analysis of BIR-induced Lys 1 mutants. Lys 1 revertants were obtained in BIR mutagenesis experiments 9 . After phenotypic examination, cultures were grown from mutants for chromosome analysis by PFGE using 1% low-melting agarose at 6 V cm 21 for 48 h. DNA bands corresponding to the donor and repaired recipient chromosome III were excised, equilibrated in b-agarase buffer (NEB), melted at 65 uC, and subjected to b-agarase treatment for 1 h at 40 uC. The obtained DNA was PCR amplified using LYS2-specific DNA primers 9 , followed by sequencing analysis. Analysis of mutation spectra of ura3-29 Ura 1 reversions. To determine the spectrum of Ura 1 in individual experiments, a portion of the URA3 gene from independent Ura 1 was PCR-amplified using URA3-specific primers: 59-GTGTG CTTCATTGGATGTTCGTAC-39 and 59-AAAAGGCCTCTAGGTTCCTTTGTT-39 followed by sequencing analysis using 59-CTGGAGTTAGTTGAAGCATTAGG-39 as a primer.
For experimental strains undergoing BIR repair, 7 h Ura 1 BIR events (confirmed as Ade 1 Leu 2 on selective media) were sequenced. Because these cells underwent #1 division between the 0 h and 7 h time points and the Ura 1 frequency at 7 h significantly exceeded that at 0 h, all Ura 1 events resulting from DSB repair were considered independent.
Extended Data Figure 1 | BIR efficiency during molecular combing analysis of molecular intermediates of BIR. a, BIR efficiency was analysed by PFGE from samples used for dynamic molecular combing analysis (Fig. 3d ). DNA was prepared from cells containing truncated chromosome III (Trunc Chr III) before DSB induction and 11 h or 13 h after DSB induction from wild-type (PIF1) and pif1D cells, respectively. In pif1D, a later time point (13 h) was analysed owing to slower kinetics of DSB repair in pif1D as compared to PIF1.
Chromosomes were separated by PFGE followed by Southern hybridization with an ADE1-specific probe. b, Quantification of DSB repair efficiency (BIR, or other recombination pathways) based on the results of 3-5 individual experiments and presented as average 6 s.d. c, Schematic of the BIR assay. Interruption of BIR leads to the resolution of BIR intermediates resulting in half-crossover formation.
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